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Abstract: Theory suggests that the ocean’s biological carbon pump, the process by which 
organic matter is produced at the surface and transferred to the deep ocean, is sensitive to 
temperature because temperature controls photosynthesis and respiration rates. Here we apply a 
combined data-modelling approach to investigate carbon and nutrient recycling rates across the 20 
world ocean over the last 15 million years of global cooling. We show that the efficiency of the 
biological carbon pump increased with ocean cooling due to a temperature-dependent reduction 
in the rate of remineralization (degradation) of sinking organic matter. Increased food delivery at 
depth prompted the development of new deep-water niches, triggering deep plankton evolution 
and the expansion of the mesopelagic “twilight zone” ecosystem. 25 
One Sentence Summary: Earth’s temperature affects organic carbon transfer from the surface 





Main Text: Metabolic temperature-dependency is a physiological response wherein biochemical 
reaction rates roughly double with an ambient temperature increase of 10°C (1-5). On an 
organismal level, the link between temperature and biochemistry predicts the scaling of 
metabolism with temperature (3). The same relationship has the potential for shaping 
communities and ecosystems by altering the flux of elements between organisms and the 5 
environment (the metabolic theory of ecology) (1, 2). A direct implication of this is that 
biological fluxes of carbon also should scale with temperature as the planet warms or cools. 
Crucially, because respiration has faster temperature response rates than photosynthesis (1-5), 
more organic carbon should be converted to CO2 at warmer mean global temperatures, 
potentially creating a positive feedback to global climate change (1-6).  10 
 An important component of the global carbon cycle is the ocean’s biological carbon 
pump (BCP) (7) in which carbon is fixed at the surface by photosynthesis then transferred down 
the water column by sinking of particulate organic carbon (POC). Bacterial-driven respiration 
returns carbon and nutrients to seawater (“remineralization”) with the residual organic matter 
buried in marine sediments (7-9). The strength of the BCP is defined as the magnitude of POC 15 
settling flux out of the euphotic zone and the transfer efficiency as the fraction of that POC 
which is transported to greater depths (10). Together they determine the efficiency of the BCP in 
delivering carbon to the deep ocean (10).  A key controller of the BCP efficiency is the POC 
remineralization rate: when remineralization is fast, less carbon is transported from the surface to 
the mesopelagic “twilight zone” (200-1000 m) and deep ocean (9, 11).  20 
According to the metabolic theory of ecology (1, 2) photosynthesis and POC 
remineralization rates should be sensitive to secular changes in ocean temperature, modulating 





Fig. 1 Global compilation of surface and bottom water temperatures for the last 15 million 
years. Bottom water temperatures are from (24). Surface temperature is presented as a mean 
value for ocean regions and are compiled from (19, 20, 22, 43, 44). WEP is West Equatorial 
Pacific, EEP is East Equatorial Pacific.  5 
 
We test this inference, using the rich fossil record of planktonic foraminifera, a group of 
calcifying heterotrophic protists that live stratified over a range of depth habitats from the surface 
mixed-layer to thermocline and sub-thermocline intermediate waters (12). Foraminiferal shells 
accumulate on the sea-floor where they retain a geochemical imprint of water-column conditions 10 
in which they grew, but which can also be affected by post-depositional alteration (13). Previous 
studies have used foraminiferal shell carbon isotope ratios (δ13C) as means of estimating BCP 
efficiency, suggesting that it may have been far weaker when climate was much warmer than 
present such as in the early Eocene, 56-48 million years ago (Ma) (14, 15). Modelling has shown 
that the BCP may have been stronger during glacial maxima (16) and could significantly reduce 15 
due to ocean warming by the end of the century (17). BCP efficiency could have influenced 
habitability and biological evolution in subsurface marine environments by affecting food supply 
and levels of oxygen depletion at depth (18). However, exploring the sensitivity of the BCP to 
metabolic temperature dependency and the implications for ocean ecosystems requires extensive 





Fig. 2. Modern location of study sites and modelled temperatures. Map shows modern mean 
annual Sea Surface Temperatures (SST) from World Ocean Atlas 2013 (45). Square boxes show 
surface (filled squares) and bottom (open squares) ocean temperatures as modelled in this study 
for each location and target age. Sediment core locations are: Deep Sea Drilling Project Sites 242 5 
(western Indian Ocean) and 516 (southwest Atlantic Ocean), Ocean Drilling Program Sites 871 
and 872 (western tropical Pacific Ocean) and 1138 (Southern Ocean, Indian Ocean sector), 
Integrated Ocean Drilling Program Site U1338 (eastern tropical Pacific Ocean), International 
Ocean Discovery Program Sites U1482 (eastern Indian Ocean), U1489 and U1490 (west Pacific 
Warm Pool), and hemipelagic sediments collected onshore and offshore Tanzania (“GLOW”). 10 
 
Here we focus on the period since the middle Miocene (15 Ma), over which time there 
has been a global average temperature decline of between 4 to 6°C in the surface (19-22) and 
deep (23, 24) ocean (Fig. 1). Unlike earlier intervals of warming or cooling, it is possible to 
obtain relevant data from all the ocean basins and across a wide range of latitudes (Fig. 2). 15 
We obtained foraminiferal samples with good to excellent preservation, focusing on seven target 




counts of the different planktonic foraminiferal species and measured the oxygen (δ18O) and 
carbon (δ13C) stable isotope ratios and Mg:Ca ratios of the shells (Data S2-S4).    
With appropriate adjustments for factors such as global ice volume and the local oxygen-
isotope composition of seawater, planktonic foraminiferal shell δ18O can be used as a proxy for 
relative temperature (13), which declines with depth, hence as an indicator of paleodepth ecology 5 
(14). The δ13C of near-surface dissolved inorganic carbon (DIC) in the ocean is largely 
controlled by the ratio between organic matter production by photosynthesis and its destruction 
by microbial respiration, setting up a δ13C DIC gradient in the water column (7, 26). The δ13C of 
planktonic foraminiferal shells is, in turn, controlled by a combination of the isotopic 
composition of DIC in seawater, and the physiology of biomineralization (26-29). Using 10 
constrained shell size-fractions, physiological disequilibrium-effects can be minimized and the 
δ13C of DIC can be estimated from the shells (29). From this, the seawater δ13C profile can be 
reconstructed provided that the depth habitats of planktonic foraminifera are also known (14, 25) 
(Fig. 3).  
We implemented a series of configurations of the cGENIE Earth system model with 15 
appropriate paleogeography and optimized ocean circulation patterns for each target age (Table 
S1) (25, 30, 31). We further made use of a new version of the model biogeochemistry module 
that includes temperature-dependent nutrient uptake rates at the surface and respiration in the 
ocean interior (32). This temperature-dependent model configuration (“Tdep”) gives rise to 
profound differences in the physical and biogeochemical properties of the global ocean 20 





Fig. 3. Comparison of reconstructed and modelled δ13C DIC gradients. The depth-δ13C 
gradient is calculated for: planktonic foraminiferal δ13C data, the Tdep model, and the Standard 
model for each target age and site. (A) Depth-δ13C gradients are obtained by calculating the rate 
of change in δ13C with depth in the upper 228 m of the water column (25). Example calculation 5 
of the data and model δ13C depth-gradients for Site 242 at 15 Ma (see Figs. S2-S3 for all data 
and model points). In the example, planktonic foraminiferal δ13C changes by 1‰ in 82 m 
(indicated by grey dotted lines and grey arrows), the Tdep and Standard model δ13C decrease of 
an equivalent amount in 123 and 849 m respectively.  (B) Reconstructed and modelled depth-
δ13C gradients are summarized as their mean value and one standard deviation of all sites per 10 
target age expressed as m ‰-1 (depth change in meters for 1‰ change in δ13C). 
 
For example, the oldest and warmest middle Miocene (15 Ma) target age is characterized 
by a much less efficient BCP in the Tdep  configuration, with less POC reaching the twilight 
zone than in the colder Holocene (0 Ma), in accordance with the metabolic theory of ecology (1, 15 
2) (Fig. S1). The Tdep configuration also exhibits higher surface nutrient concentrations due to 
more vigorous near-surface nutrient recycling across a steeper nutricline, and a shallower oxygen 
minimum zone in warmer climates (Fig. S1). Combined, this produces a decline in POC export 
from 15 Ma to the Holocene in the model but a tripling in transfer efficiency, such that there is a 




To investigate the impact of changes in metabolic rates on the ocean carbon cycle we first 
identified the average depth habitats of each planktonic foraminiferal species and reconstructed 
planktonic foraminiferal upper ocean depth-δ13C gradients as outlined in (25) (Fig. 3a). We then 
contrast our reconstructed depth-δ13C gradients (25) with the results of the standard and Tdep 
versions of the cGENIE model (Fig. 3b).  5 
At each site, the measured planktonic foraminiferal  δ13C through the upper 228 m (25) 
tends to decrease less with depth from 15 Ma to the present (Figs. S2-S3). As a result, the data-
reconstructed global mean depth-δ13C gradient (expressed in Fig. 3b as m ‰-1, i.e., depth change 
in meters for 1‰ change in δ13C), shows a slight trend toward greater depths with cooling (black 
dashed line in Fig. 3b). In contrast, the standard model (blue dashed line) exhibits a strongly 10 
opposite trend (Fig. 3b). Lacking temperature-dependent biological processes in the ocean, the 
shallowing trend shown by the depth-δ13C gradient in the standard model (Fig. 3b) is driven by 
physical climate and ocean circulation changes that result in increasing POC export on cooling. 
In the Tdep model, the rate of nutrient and carbon cycling in near-surface waters reduces on 
cooling and counters the “abiotic” trend which results in the nearly muted net projected gradient 15 
response. The relatively flat data-reconstructed depth-δ13C gradient trend is therefore consistent 
with the hypothesis that carbon remineralization rates in the upper ocean have declined in 
parallel with global cooling, as characterized in the Tdep model. 
We note that even the Tdep model configuration underestimates the reconstructed δ13C 
gradient in most cases (Figs. 3b, S2-S3), which may be attributable to the method used to 20 





Most planktonic foraminiferal species in the modern ocean live in the surface mixed layer 
or upper thermocline around the deep chlorophyll maximum where light is available for 
photosymbionts and food supply is most abundant (34), but some live deeper in the water 
column, either grazing sinking phytodetritus or predating on mesopelagic organisms such as 
copepods (34). Among this deeper group (colored symbols in Fig. 4) we observe a major 5 
deepening of species-specific depth habitats through time which is also reflected by the larger 
spread in δ18O and Mg/Ca values in younger target ages (Figs. S4-S8, S9) (Data S3-S4) (25). 
This deepening of habitats coincides with the surface and deep-water cooling shown in global 
temperature records (Fig. 1). In the older, warmer target ages (15 – 10 Ma) most species lived in 
the upper 200 m of the water column (Figs. 4, S10). As cooling progressed, subsurface-dwelling 10 
species moved to greater depths and new lineages of deep water species evolved. In the most 
recent target age (0.0 Ma or Holocene) reconstructed depth habitats extend to >1000 m depth 
(Figs. 4, S10), consistent with observations in the modern ocean (34). The deepening pattern is 
evident in most of the sites, although it is affected by local factors; at the two equatorial sites 
(Sites U1338 and U1489, Fig. S10) it is complicated by the evolution of the modern zonal 15 
temperature gradient between the eastern and western equatorial Pacific Ocean (19); at Site 
U1338 it is also affected by equatorial upwelling (35); and at Site 1138 in the Southern Ocean it 
is obscured by the dominating influence of the subpolar front on the δ18O of seawater  (36). Our 
data emphasize that planktonic foraminiferal species and assemblages have responded in a 
dynamic way to global climate change and did not occupy constant habitats through time as is 20 





Fig. 4. Expansion of planktonic foraminiferal depth habitat over the last 15 million years. 
Species in the top 200 m are shown as grey symbols. Deep-dwellers (>200 m reconstructed depth 
habitat) are highlighted with colored symbols (see Fig. S10 for a complete symbol key). 
Scanning Electron Microscope images of some mesopelagic planktonic foraminifera from the 5 
study sites are also shown. Similar plots for all the study sites are available in Fig. S10. 
 
The global decrease in POC remineralization rate since 15 Ma implies increasing food 
availability for deep-water organisms that feed directly on POC settling through the water 
column, and for their associated food chain. Slower remineralization rates of sinking organic 10 
matter in the mesopelagic ocean over time would be expected to lead to deeper and less intense 





Fig. 5. Abundance depth-distributions of planktonic foraminifera over the last 15 million 
years. (A) Global mean planktonic foraminiferal community distribution versus time (subpolar 
Site 1138 not included, see (25)); (B) Global modelled POC flux for the Tdep model 
configuration versus time (plotted data are from 600 m depth, the mid twilight zone). Note that 5 
not all sites have abundance data for each target age and this explains some of the variability, 
particularly from 10 to 4.5 Ma.  
 
To investigate whether planktonic foraminiferal biomass reflects increased habitability at 
depth, we reconstructed the abundance depth-distribution of planktonic foraminiferal 10 
assemblages at each site and time slice (25) (Data S2) (Figs. S11-S14). Although planktonic 
foraminifera are always less abundant in deep water than in the euphotic zone, our data show a 
doubling of biomass in the twilight zone from the middle Miocene to the present (Fig. 5a), 
paralleled by a more than doubling increase in POC delivery to this region in the Tdep model 




These coupled data-modelling results suggest that enhanced food availability was critical 
for the development of deep plankton niches, as the oceans cooled. Food supply and subsurface 
oxygen levels are of fundamental importance to all heterotrophs, so we suggest that the 
mesoplankton and associated nekton as a whole increased in biomass and diversity since 15 Ma. 
More broadly, the last 15 million years represent the most recent phase in a global cooling trend 5 
since the mid-Cretaceous super-greenhouse of ~100 Ma (37). Although most of the twilight zone 
ecosystem leaves no fossil record, temperature-dependency of the BCP may have left a mark on 
the genetics and phylogenetics of deep-dwelling groups. For instance, the ctenophores (comb 
jellies), which are common at mesopelagic depths, appear to have a history of recent 
diversification despite their very ancient (~500 Ma) split from other metazoans (38). In addition, 10 
various deep-water bony fish clades diversified rapidly since the Miocene (39-41) including the 
extremely abundant lanternfish, which are a dominant proportion of the modern mesopelagic 
biomass (41). Our model results also suggest that since the middle Miocene, a higher proportion 
of organic carbon fixed at the surface would have reached the sea floor. This fits with previous 
observations that there has been a marked increase in the abundance of benthic organisms that 15 
bloom in response to the deposition of phytodetritus aggregates over this time (42). 
In summary, our study provides a global test of the effects of temperature changes on 
metabolic rates in the ocean ecosystem over geological time scales. We found that DIC δ13C 
gradients in the upper open ocean changed over the last 15 million years of global cooling in a 
way that is consistent with reducing remineralization rates and a greater transfer efficiency of the 20 
biological carbon pump. Increasing abundance of deep-dwelling zooplankton through the same 
interval suggests that a more efficient biological carbon pump enhanced the flux of particulate 




evolutionary radiation and the establishment of the modern mesopelagic ecosystem. This 
evolutionary history raises the possibility that the twilight zone ecosystem may now be 
vulnerable to a reduction in carbon pump transfer efficiency associated with anthropogenic 
warming. 
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